RESEARCH ARTICLE OPEN ACCESS

Conventional MRI Criteria to Differentiate Progressive
Disease From Treatment-Induced Effects in

High-Grade (WHO Grade 3-4) Gliomas

Christina M. Flies, MD, Karlijn H. van Leuken, MD, Marlies ten Voorde, MD, Joost J.C. Verhoeff, MD, PhD, Correspondence
Filip Y.F. De Vos, MD, PhD, Tatjana Seute, MD, PhD, Pierre A. Robe, MD, PhD, Theodoor D. Witkamp, MD, Dr. Snijders
Jeroen Hendrikse, MD, PhD, Jan Willem Dankbaar, MD, PhD, and Tom J. Snijders, MD, PhD t.j.snijders@umcutrecht.nl

Neurology® 2022;99:e77-e88. doi:10.1212/WNL.0000000000200359

Abstract

Background and Objectives @ class of Evidence
Criteria for rating

Posttreatment radiologic deterioration of an irradiated high-grade (WHO grade 3-4) glioma
therapeutic and diagnostic

(HGG) may be the result of true progressive disease or treatment-induced effects (TIE).
Differentiation between these entities is of great importance but remains a diagnostic challenge.
This study assesses the diagnostic value of conventional MRI characteristics to differentiate
progressive disease from TIE in HGGs.
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Methods

In this single-center, retrospective, consecutive cohort study, we included adults with a HGG who
were treated with (chemo-)radiotherapy and subsequently developed a new or increasing
contrast-enhancing lesion on conventional follow-up MRI. TIE and progressive disease were
defined radiologically as stable/decreased for >6 weeks or Response Assessment in Neuro-
Oncology progression and histologically as TIE without viable tumor or progressive disease. Two
neuroradiologists assessed 21 preselected MRI characteristics of the progressive lesions. The
statistical analysis included logistic regression to develop a full multivariable model, a diagnostic
model with model reduction, and a Cohen kappa interrater reliability (IRR) coefficient.

Results

A total of 210 patients (median age 61 years, interquartile range 54-68, 189 male) with 284
lesions were included, of whom 141 (50%) had progressive disease. Median time to progressive
disease was 2 (0.7-6.1) and to TIE 0.9 (0.7-3.5) months after radiotherapy. After multivariable
modeling and model reduction, the following determinants prevailed: radiation dose (odds ratio
[OR] 0.68, 95% CI 0.49-0.93), longer time to progression (TTP; OR 3.56, 95% CI 1.84-6.88),
marginal enhancement (OR 2.04, 95% CI 1.09-3.83), soap bubble enhancement (OR 2.63, 95%
CI 1.39-4.98), and isointense apparent diffusion coefficient (ADC) signal (OR 2.11, 95% CI
1.05-4.24). ORs >1 indicate higher odds of progressive disease. The Hosmer & Lemeshow test
showed good calibration (p = 0.947) and the area under the receiver operating characteristic curve
was 0.722 (95% CI 0.66-0.78). In the glioblastoma subgroup, TTP, marginal enhancement, and
ADC signal were significant. IRR analysis between neuroradiologists revealed moderate to near
perfect agreement for the predictive items but poor agreement for others.

Discussion

Several characteristics from conventional MRI are significant predictors for the discrimination between
progressive disease and TIE. However, IRR was variable. Conventional MRI characteristics from this
study should be incorporated into a multimodal diagnostic model with advanced imaging techniques.
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Glossary

ADC = apparent diffusion coefficient; AUC = area under the curve; CE = contrast enhancement; EQD2 = equivalent dose in 2
Gy; FLAIR = fluid-attenuated inversion recovery; HGG = high-grade glioma; IDH = isocitrate dehydrogenase; IQR =
interquartile range; IRR = interrater reliability; NPV = negative predictive value; OR = odds ratio; PPV = positive predictive
value; RANO = Response Assessment in Neuro-Oncology; ROC = receiver operating characteristic; TIE = treatment-induced

effects; TTP = time to progression; WT = wild-type.

Classification of Evidence

This study provides Class II evidence that in patients with irradiated HGGs, radiation dose, longer TTP, marginal enhancement,
soap bubble enhancement, and isointense ADC signal distinguish progressive disease from TIE.

Diffuse gliomas are the most frequent adult-onset primary
intra-axial malignancies1 and are classified in the WHO 2016
criteria according to histologic and molecular—genetic char-
acteristics as grade 2, 3, or 4.” High-grade gliomas (HGGs,
WHO grade 3/4) include isocitrate dehydrogenase (IDH)-
mutant astrocytomas, 1p/19q-codeleted oligodendrogliomas,
and the more aggressive IDH-wild-type (WT) tumors. De-
spite aggressive treatment, survival is poor for most subtypes.

Post-treatment radiologic or clinical deterioration may be the
result of true progressive disease or an effect of antineoplastic
treatment. Such treatment-induced effects (TIE) are com-
posed of tissue damage of the malignancy or the surrounding
healthy cells, and include temporary pseudoprogression,
typically developing within 3 to 6 months after radiotherapy,
and late-delayed radionecrosis/radiation necrosis.>®

On MR, TIE and progressive disease can both reveal contrast
enhancement (CE), mass effect, and edema. The accompanying
clinical symptoms of progressive disease or TIE do not permit
reliable discrimination.””'® However, such a distinction is of
great importance for further policy. Whereas progressive disease
requires a change in antineoplastic treatment, TIE do not, al-
though TIE may require specific symptom-directed therapy.

The current gold standard for distinction between progressive
disease and TIE remains histopathologic examination of tis-
sue obtained through invasive and costly brain biopsy. Fur-
thermore, the interpretation of a histologic mixture of
progressive disease and TIE can be difficult.

Noninvasive techniques for differentiation between progressive
disease and TIE have been investigated. Multiple studies on
advanced imaging, including perfusion MRI, have been
conducted.>"" However, perfusion imaging has a relatively low
spatial resolution, is not always available for routine follow-up,
and can be severely degraded by motion or susceptibility arte-
facts. The focus of this study lies therefore on conventional MRI
characteristics, available from routine follow-up imaging. In ret-
rospective cohort studies (18-169 patients), the combination
of callosal involvement, multiple enhancing lesions'* and midline
crossing,'> subependymal enhancement,'>"® appearance of a
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new enhancing lesion,"* and lower apparent diffusion coefficient
(ADC) values'*'®"” were associated with progressive disease,
whereas soap-bubble or Swiss cheese appearances were de-
scribed in postradiation necrotic tumors.'®" Due to this paucity
of studies and the small sample sizes, a reliable differentiation
between progressive disease and TIE by conventional MRI, the
most applied and available method of follow-up, has not yet been
investigated fully.

Our primary purpose was to assess the diagnostic value of
conventional MRI characteristics to differentiate progressive
disease from TIE in patients with a HGG and new or increased
T1 CE after treatment. This study aims to provide a diagnostic
model for determinants of TIE or progressive disease and to
develop a prediction model to predict the disease status.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

The institutional Medical Ethical/Biobank Committee ap-
proved the use of patient data in the context of another study,
for which patients had provided written informed consent for
the use of MRI for response evaluation in future studies
(protocol 16-342/16-229). For this retrospective analysis of a
prospectively collected single-center cohort, all consecutive,
adult patients diagnosed with a primary HGG by histopa-
thology between January 1, 2011, and October 1, 2017, were
eligible for inclusion. Inclusion criteria were (1) age >18 years,
(2) treatment with radiotherapy of a HGG, (3) development
of a new or increased CE lesion during routine follow-up with
conventional MRI, which could be of any size, and (4)
available reference test, consisting of histopathologic, radio-
logic, or clinical follow-up, which was used to diagnose pro-
gressive disease or TIE during multidisciplinary meetings.

Image Acquisition

For the follow-up of glioma, we use a 1.5T or 3T MRI scanner
(Philips Healthcare). Conventional MRI consisted of TIW
MRI with and without contrast agent, T2-turbo spin echo/
fluid-attenuated inversion recovery (FLAIR) MRI and ADC
MR, retrieved pre- and postradiotherapy and every 3 months
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Figure 1 MRI Characteristics With Significant Predictive Value

(A) A 64-year old man with an isocitrate dehy-
drogenase (IDH)-wild-type (WT) glioblastoma
treated with radiotherapy. Left: Preoperative
baseline MRI. Right: Follow-up MRI (93 days af-
ter baseline) with multiple new contrast en-
hancements. (B) A 58-year-old man with an
IDH-WT glioblastoma treated with temozolo-
mide-based chemoradiation. Left: Baseline MRI
of the surgical cavity after resection. Right:
Follow-up MRI (91 days after baseline) with in-
creased marginal enhancement of the surgical
cavity. (C) A 65-year old woman with a glio-
blastoma, IDH status unknown, treated with
radiotherapy. Left: T1-MRI with contrast agent.
Right: Isointense ADC signal compared with
healthy white matter. (D) A 66-year old man
with an IDH-mutated astrocytoma grade 4
treated with temozolomide-based chemo-
radiation: soap bubble enhancement (small
regions of necrosis'’).

thereafter. T2 FLAIR was acquired at a slice thickness of 4 mm
with a S mm gap and an in-plane resolution of 0.41 mm. T1
after gadolinium was acquired in 3 directions at a slice
thickness of S mm with a 6-mm gap and an in-plane resolution
of 0.9 mm or in 3D at a slice thickness of 1.1 mm with a
1.1 mm gap. Patients were scanned with a 1.5 or 3T MRI
based on availability. As we only used conventional MRI
criteria, this was no confounding factor.

Time Points and Definition of Outcomes

During follow-up, the first MRI showing a new or increased
CE after ceasing radiotherapy was classified by viewing radi-
ology reports and clinical records as the progression MRI
(index test 2). The MRI prior to the progression MRI was
considered as the baseline MRI (index test 1). TIE and pro-
gressive disease could be established radiologically (follow-up
imaging), clinically, or histologically. Clinical TIE were de-
fined as a stable or improved clinical status within a minimum
period of 6 weeks. Radiologic TIE were defined as stable or
decreased CE within a minimum period of 6 weeks with the
latest scan showing stabilization being the reference scan.
Histologic TIE were defined as TIE without viable tumor,
with <1 mitosis, and progressive disease was defined as any
viable, proliferating tumor at recurrence resection. Radiologic
progressive disease was defined as further increase of the le-
sion resulting in progressive disease according to Response
Assessment in Neuro-Oncology (RANO) criteria.”’

Clinical Determinants

The following baseline characteristics were collected: sex; age
at first diagnosis; type of operation; histomolecular tumor
type; type of treatment; received doses of radiation (equiva-
lent dose in 2 Gy [EQD2]); time to progression (TTP),
defined as the period between ceasing radiotherapy and
progressive disease or TIE; and clinical deterioration at pro-
gression. Histopathology was interpreted according to the
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WHO 2007 grading system and was retrospectively updated
to WHO 2016 criteria. For the WHO 2016 classification, the
lesions were subdivided into (1) astrocytomas grade 3, IDH-
mutant; (2) oligodendrogliomas grade 3, 1p19q codeleted
and IDH-mutant; (3) astrocytomas grade 4, IDH-mutant;
and (4) glioblastomas grade 4, IDH-WT.> Gliomas with no
available IDH status were excluded from this subgroup anal-
ysis. Gliomas grade 3 and 4 with a negative IDH immunostain
(reflecting the absence of an IDH1 R132H mutation) were
classified as a glioblastoma grade 4, IDH-WT, which includes
a risk of misclassification of <10%.

Quantitative determinants were subdivided into groups: age
(<49, 50-59, 60-69, and >70 years), TTP (0-3, 3-S5, and >5
months), tumor size at baseline (<1,000, 1,000-2,000,
>2,000 mm?), and lesion growth (nonmeasurable disease at
baseline, 0-10%, 10-25%, 25-50%, >50%). The categories for
TTP were based on the timing of regular scanning (4 weeks
postradiotherapy and then every ~3 months). The timespan
of 0-3 months represents the traditional interval for pseu-
doprogression,lo as incorporated in the original RANO cri-
teria,”® whereas later publications also demonstrate the
potential for pseudoprogression at later time points.”"

The clinical information and index test results were accessible
to the evaluator of the reference tests (junior researcher
K.H.v.L.). In order to reduce observer bias, a blinded second
observer (experienced neuro-oncologist T.J.S.), who was not
informed about the index test results, checked all uncertainties
and a random sample of the disease status. The follow-up
period was fixed at a minimum of 6 weeks to have at least one
additional follow-up MRI.

Radiologic Determinants
We determined which conventional MRI characteristics
should be assessed by researching the literature and group
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Figure 2 Patient Selection Process
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discussions. The observers discussed assessment of the MRI
characteristics beforehand to optimize consistency. First, a
junior researcher (K.H.v.L.) retrieved the MRI characteristics
and then the outcome progressive disease or TIE and clinical
characteristics from the electronic patient files. For the pri-
mary analyses (regression models), an experienced neurora-
diologist (T.D.W.) assessed the MRI characteristics. A second
experienced neuroradiologist (J.W.D.) re-assessed a sample of
100 patients for the interrater reliability (IRR) analysis. We
estimated the sample size for the IRR with the sample size
estimator for the Cohen Kappa statistic for a binary outcome
N.cohen kappa in R with the following values: probability that
the raters will record a positive diagnosis = 0.5, true kappa
statistic k1 = 0.7 based on previous literature,">** null hy-
pothesis kO = 0.4, 2-sided alpha = 0.0S, and power = 0.8. We
found n = 64, which we rounded up to 100 (package irr, R
version 4.0.3). All 3 observers were blinded to the outcome at
the time of MRI evaluation. We calculated an IRR coeflicient
(Cohen kappa23) between the junior researcher and the first
neuroradiologist and between the 2 neuroradiologists. To
reflect clinical practice, the neuroradiologists did not perform
a consensus reading.

The following imaging characteristics were retrieved from the
baseline MRI: tumor size and presence of nodular and callosal
enhancement.

The following imaging characteristics were retrieved from the
progression MRI: tumor size, enhancement crossing the midline,"*
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presence of necrosis, soap bubble enhancement,'®'*** Swiss
cheese enhancement,'®'*** spreading wavefront pattem,lz’lé"lé’19
T1 signal, FLAIR signal, and ADC signal, all 3 scored as hypo-, iso-,
or hyperintensity compared with normal-appearing white matter.
On the trace diffusion-weighted imaging b1000, the region of new
or increased CE was scrutinized for the presence of visually ap-
parent focal hyperintense areas. The ADC value in these focal areas
was then compared with the ADC in normal white matter by
region of interest measurement. On the T1 images, the region of
new or increased CE was scrutinized for the presence of visually
apparent focal hyperintensities compared with normal white
matter.

Soap bubble enhancement was defined as small regions of
necrosis.”* Swiss cheese enhancement was defined as more
diffuse and larger regions of necrosis compared with soap
bubble enhancement.”* Spreading wavefront pattern was
defined as ill-defined borders of the enhancement instead of

well-defined borders.'?

The following characteristics were retrieved from comparing
baseline and progression scan: percentage of tumor growth, new
enhancement,'*'* multiple new enhancements,'>'® increased
marginal enhancement surrounding the surgical cavity," new
nodular enhancement,"*'® new callosal enhancement,'>'*'¢
new or increased enhancement in the septum pellucidum,12 new
or increased subependymal enhancement,"*'¢ increased, stable,
or decreased mass effect, and FLAIR abnormalities. Sub-

ependymal enhancement was defined as infiltration into the

Neurology.org/N
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Table 1 Baseline Lesion Characteristics (n = 284)

Progressive disease (n = 141)

Treatment-induced effects (n = 143)

Characteristics Number of lesions Percentage Number of lesions Percentage

Male/female 92/49 65.2/34.8 97/46 67.8/32.2

Age,y 62.88 (56-68); 26-88 57.75 (53-67); 23-80

Type of operation: complete resection 29 20.6 25 17.5
Debulking 84 59.6 92 64.3
Biopsy 28 19.9 26 18.2

Histologic tumor type: astrocytoma 8 5.7 9 6.3
Oligodendroglioma 1 0.7 4 2.8
Oligoastrocytoma 8 5.7 5 3.5
Glioblastoma 124 87.9 125 87.4

Type of treatment: radiotherapy monotherapy 33 234 14 9.8
Radiotherapy/TMZ 18 12.8 18 12.6
Radiotherapy/TMZ + TMZ 89 63.1 104 72.7
Radiotherapy + PCV 1 0.7 6 4.2
Radiotherapy + TMZ 0 0 1 0.7

EQD2, Gy 60 (60-60); 42-60 60 (60-60); 51-60

Time to progression, mo 2.01(0.72-6.13); 0.2-43.7 0.92 (0.69-3.48); 0.3-37.3

Clinical deterioration: no/yes 85/56 60.3/39.7 100743 69.9/30.1

Type of reference: clinical and radiologic/histologic 98/43 69.5/30.5 127/16 88.8/11.2

Tumor size at baseline, mm?

90 (0-512); 0-3,212

70 (0-200); 0-3,315

Tumor size at progression, mm?

357 (109-1,026); 9-4,554

182 (56-598); 9-4,020

Abbreviations: EQD2 = equivalent dose in 2 Gy; PCV = procarbazine, lomustine, and vincristine; TMZ = temozolomide.

Values are n or median (interquartile range); range.

borders of the ventricles."* Mass effect was scored in case of
effacement of the sulci, compression of the ventricles, or midline
shift. In case multiple new or increased contrast-enhancing le-
sions were detectable on the progression scan, these lesions were
all reviewed separately. All measurements regarding tumor size
were performed with RANO criteria”® and were noted separately
for each lesion. Significant MRI characteristics are displayed in
Figure 1 and nonsignificant MRI characteristics are assembled in
eFigure 1 (linkslww.com/WNL/B943).

Analysis
The analysis consisted of the following steps:

1. Missing value analysis
Univariable logistic regression analysis, generating odds
ratios (ORs) with 95% CIs and p values, and a sensitivity,
specificity, and positive and negative predictive value
(PPV, NPV) for the items with the highest statistically
significant OR

3. Checking for multicollinearity

Neurology.org/N

4.  Multivariable logistic regression analysis and develop-
ment of a diagnostic model with ORs, 95% Cls, and p
values; Hosmer and Lemeshow goodness of fit test was
used for calibration of the model; diagnostic accuracy was
computed by a receiver operating characteristic (ROC)
curve and an area under the curve (AUC) with a 95% CI

S. Prediction model: model reduction was performed
backwards with the SPSS bivariate logistic regression
ENTER method manually and the likelihood ratio test
with a threshold p value of 0.1 in order to develop a
prediction model

We did not have any indeterminate index or reference tests. If
a determinant was missing for >5% of cases, it was excluded
from further analyses. In the case of <5% missing values,
listwise deletion was performed. We chose not to perform
multiple imputation because we had a very low number of
missings, resulting in a limited advantage of imputation.
Multicollinearity was investigated between determinants by
computing a Pearson correlation coeflicient. In case of a
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Table 2 Baseline Criteria and Logistic Regression Analysis (Significant Items Only)

Number of lesions (n = 284)

Univariable analysis Multivariable analysis

Variable Progressive disease (n = 141) TIE (n = 143) OR (95% CI) p Value OR (95% CI) p Value
Type of treatment

Radiotherapy monotherapy 33 14 Ref Ref

Radiotherapy/chemotherapy 108 129 0.36 (0.18-0.70) 0.0032 0.38 (0.12-1.16) 0.088
EQD2 (range in Gy) 42-60 51-60 0.67 (0.48-0.93) 0.016° 0.73(0.53-0.99) 0.042°
Time to progression (months 0.0182 0.002°
after radiotherapy)

0-3 84 105 Ref Ref

3-5 13 14 1.16 (0.52-2.60) 0.718 1.28 (0.44-3.77) 0.651

>5 44 24 2.29(1.29-4.07) 0.005° 4.15 (1.86-9.26) 0.001°
Necrosis: no (Ref)/yes 17/124 31/112 2.02 (1.06-3.85) 0.033?
Soap bubble enhancement

No (Ref)/yes 29/112 52/91 2.21(1.30-3.76) 0.004? 2.96 (1.39-6.30) 0.005?
ADC signal intensity compared 0.138 0.024°
with WM

Hyperintensity 88 106 Ref Ref

Isointensity 31 23 1.62 (0.88-2.99) 0.119 2.67(1.19-5.98) 0.017°

Hypointensity 18 12 1.81 (0.83-3.95) 0.139 2.74 (0.93-8.10) 0.068

Abbreviations: ADC = apparent diffusion coefficient; EQD2 = equivalent dose in 2 Gy; OR = odds ratio; Ref = reference category; TIE = treatment-induced

effects; WM = white matter.

Hosmer & Lemeshow goodness of fit: p = 0.660. Area under the receiver operating characteristic curve = 0.771 (95% Cl 0.72-0.83).

@ Statistically significant.

correlation coefficient >0.4 in absolute value, we established
collinearity and selected the most relevant variable, based on
available literature. ORs >1 indicate higher odds of pro-
gressive disease.

An outliers and extreme value analysis with histograms was
conducted. Descriptive statistics of baseline characteristics
consisted of frequencies or ranges with mean (SD) or median
(interquartile range [IQR]). All statistical analyses were
2-tailed and performed in SPSS, version 25.0 and 26.0 (2017
and 2019, IBM SPSS Statistics). Significance levels were set at
p < 0.05.

To evaluate the generalizability of the model, subgroup
analysis was performed for (1) patients with an available
histomolecular diagnosis according to the WHO 2016 criteria,
(2) patients with a glioblastoma treated with temozolomide-
based chemoradiation (representing the most prevalent sub-
group of patients), (3) patients with a tumor size of more or
less than 1,000 mm” and more than 2,000 mm? and (4)
patients with a histologic reference test vs patients with a
clinical/radiologic reference test (follow-up). The 2 different
reference standards have their advantages and disadvantages,
and histology is generally considered to provide the most
definite proof of progressive disease or TIE, albeit in a selected
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subset and with risk of sampling error.>® For each subgroup,
steps 1 to 4 were performed.

Data Availability

Data not provided in the article because of space limitations
may be shared (anonymized) at the request of any qualified
investigator for purposes of replicating procedures and results.

Results

Patient Selection

Between January 1, 2011, and October 1, 2017, 694 patients
received the diagnosis of a HGG. Of these patients, 210 with a
total of 284 lesions were included in the present study.
Figure 2 depicts the patient selection process. We docu-
mented the baseline characteristics in Table 1 per lesion as all
statistical analyses were performed with the lesion charac-
teristics. Among these lesions, 141 were finally classified as
progressive disease and 143 as TIE. Of all lesions, 189 (67% of
284) belonged to a male patient. Ages ranged from 23 to 88
years. The reference test for 224 lesions was clinical or ra-
diologic, whereas in 60 lesions histology was available. The
subgroups for specific chemotherapeutics were too small to
carry out statistical analysis and the group was dichotomized
into a subgroup treated with radiotherapy only and a

Neurology.org/N
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Table 3 Prediction Model

Variable Bvalue Oddsratio(95% Cl) pValue
EQD2 -0.39  0.68(0.49-0.93) 0.017°
Time to progression, mo 0.001°
0-3 Ref Ref
3-5 0.33 1.40 (0.56-3.50) 0.478
>5 1.27 3.56 (1.84-6.88) 0.000?
Multiple new lesions 0.52 1.68 (0.93-3.04) 0.088
Increased marginal 0.71 2.04 (1.09-3.83) 0.027°
enhancement
Soap bubble enhancement 0.97 2.63(1.39-4.98) 0.003?
ADC signal intensity compared 0.045°
with white matter
Hyperintensity Ref Ref
Isointensity 0.75 2.11(1.05-4.24) 0.036°
Hypointensity 0.74 2.09 (0.90-4.83) 0.085

Abbreviations: ADC = apparent diffusion coefficient; EQD2 = equivalent dose
in 2 Gy; Ref = reference category.

B value indicates regression coefficient. Hosmer & Lemeshow goodness of
fit: p = 0.947. Area under the receiver operating characteristic curve = 0.722
(95% Cl 0.66-0.78).

@ Statistically significant.

subgroup treated with radiotherapy and chemotherapy. The
median follow-up period for patients with a radiologic refer-
ence test was 20 weeks (range 5.4-206.4) and for patients
with a histologic reference test 7.9 weeks (range 1.4-71). In
one patient, the radiologic follow-up was less than 6 weeks
and we followed the patient clinically. This patient had his last
follow-up scan showing progressive disease 5.4 weeks after the
index test 2 and died 3 weeks later. No patient received
bevacizumab at the moment of the index test 2.

Missing Values

The missing value analysis did not reveal any determinants
with >5% missing values. A determinant with <5% missing
values was a cerebral hemorrhage on the baseline scan of 1
patient with § lesions preventing the evaluation of the callosal
enhancement criterion. In addition, 4 patients showed miss-
ing determinants, because their primary treatment had not
been performed at our institution. MRI of the baseline scan
and progression scan were available, but no diffusion or T1
scan without contrast agent. These missing values were con-
sidered unlikely to have influenced the outcome substantially.

Diagnostic Model

In univariable logistic regression (significant results in
Table 2), combination therapy compared with radiotherapy
only (OR 0.36,95% CI 0.18-0.70) and a higher radiotherapy
dose predicted TIE (OR 0.67, 95% CI 0.48-0.93). Further-
more, a longer TTP (OR 2.29, 95% CI 1.29-4.07), necrosis
(OR 2.02,95% CI 1.06-3.85), and soap bubble enhancement
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(OR 221, 95% CI 1.30-3.76) correlated with progressive
disease. Diagnostic test properties (95% CI) of necrosis in-
cluded sensitivity 124 of 141 (88%) (81%-93%), specificity
31 of 143 (22%) (15%-29%), PPV 124 of 236 (53%)
(50%-55%), and NPV 31 of 48 (65%) (51%-76%). Di-
agnostic test properties (95% CI) of soap bubble enhance-
ment included sensitivity 112 of 141 (79%) (72%-86%),
specificity 52 of 143 (36%) (29%-45%), PPV 112 of 203
(55%) (52%-59%), and NPV 52 of 81 (64%) (55%-73%).

We found relevant multicollinearity between various vari-
ables influencing the eligibility for multivariable logistic re-
gression analysis (eTable 1, links.Ilww.com/WNL/B943). As
a result, the following determinants were rejected: tumor
size at progression, enhancement crossing the midline, mass
effect compared with baseline, necrosis, new enhancing le-
sion, and preexisting callosal enhancement. Based on pre-
vious literature and univariable analysis, S determinants were
incorporated despite collinearity with another accepted de-
terminant: type of treatment (collinear with radiation dose)
and new callosal enhancement (collinear with new en-
hancement in the septum pellucidum and with new/
increased subependymal enhancement).

Multivariable logistic regression analysis (Table 2) confirmed
an association between a higher radiation dose and the risk of
TIE (OR 0.73, 95% CI 0.53-0.99). In addition, a longer TTP
(OR 4.15, 95% CI 1.86-9.26), soap bubble enhancement
(OR 2.96, 95% CI 1.39-6.30), and isointense ADC signal
compared with normal-appearing white matter (OR 2.67,
95% CI 1.19-5.98) showed an association with progressive
disease. The calibration of the model was considered good
with the Hosmer and Lemeshow goodness of fit test (p =
0.660) and the ROC curve showed an acceptable discrimi-
nation (AUC 0.771, 95% CI 0.72—0.83). Detailed results are
shown in eTable 2 (links.lww.com/WNL/B943).

Prediction Model

In reducing the full diagnostic model (as given in eTable 2,
links.Iww.com/WNL/B943) to generate the prediction
model, 18 determinants were excluded during stepwise
backward selection. The resulting prediction model (Table 3)
contained 1 predictor of TIE (higher radiation dose) and S
predictors of progressive disease (longer TTP, development
of multiple new lesions, increased marginal enhancement,
soap bubble enhancement, isointense ADC signal compared
with normal-appearing white matter). The Hosmer and
Lemeshow test showed a p value for the calibration of 0.947
and the AUC reached 0.722 (95% CI 0.66-0.78).

WHO 2016 Classification

A subset of 246 lesions could be (re-)classified according to
WHO 2016 criteria (eTable 3, links.lww.com/WNL/B943).
Univariable analysis for predictors of TIE vs progressive dis-
ease showed an association with age and 2 predictors of TIE
(combination therapy compared with radiotherapy only and a
higher radiotherapy dose) and S predictors of progressive
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Table 4 Baseline Characteristics and Logistic Regression Analysis of Glioblastoma Subgroup Treated With
Temozolomide-Based Chemoradiation (Significant Items Only)

Number of lesions (n = 189)

Univariable analysis Multivariable analysis

Progressive disease TIE
Variable (n =88) (n=101) OR (95% CI) p Value OR (95% CI) p Value
Age,y 0.0212 0.012%
<49 20 25 Ref Ref
50-59 16 37 0.54 (0.24-1.24) 0.147 0.52 (0.18-1.52) 0.231
60-69 4 32 1.60 (0.76-3.38) 0.217 1.75 (0.68-4.49) 0.242
270 11 7 1.96 (0.64-5.99) 0.235 4.01 (0.96-16.75) 0.057
Time to progression, months after
radiotherapy
0-3 56 74 Ref 0.071 Ref 0.004%
3-5 8 13 0.81(0.32-2.10) 0.669 1.46 (0.39-5.45) 0.578
>5 24 14 2.27 (1.08-4.77) 0.031¢ 5.58 (2.00-15.53) 0.001¢
Increased marginal enhancement of 10/78 28/73 2.99 (1.36-6.59) 0.007¢ 5.18 (1.69-15.94) 0.004%
surgical cavity: no (Ref)/yes
ADC signal intensity compared with WM 0.781 0.080
Hyperintensity 60 74 Ref Ref
Isointensity 17 16 1.31(0.61-2.81) 0.487 3.02 (1.02-8.98) 0.0472
Hypointensity 9 10 1.11(0.42-2.91) 0.832 3.15(0.73-13.61) 0.125

Abbreviations: ADC = apparent diffusion coefficient; OR = odds ratio; Ref = reference category; TIE = treatment-induced effects; WM = white matter.
Hosmer & Lemeshow goodness of fit: p = 0.427. Area under the receiver operating characteristic curve = 0.792 (95% Cl 0.73-0.86).

@ Statistically significant.

disease (glioblastoma subtype, longer TTP, necrosis, soap
bubble enhancement, and spreading wavefront enhance-
ment). In multivariable analysis, the glioblastoma subtype
(OR 16.03, 95% CI 2.48-103.43), a longer TTP (OR 6.78,
95% CI 2.50-18.34), and soap bubble enhancement (OR
3.05, 95% CI 1.23-7.58) predicted progressive disease and a
higher radiotherapy dose (OR 0.14, 95% CI 0.03-0.57) was
associated with TIE.

Other Subgroup Analyses

Table 4 presents the significant items for the subgroup glio-
blastoma treated with temozolomide chemoradiation. eTa-
ble 4 (links.lww.com/WNL/B943) shows detailed results.
Analysis showed an association with age and we found 2
additional predictors of progressive disease (longer TTP and
marginal enhancement). In multivariable analysis, a longer
TTP (OR 5.58, 95% CI 2.00-15.53), an increased marginal
enhancement (OR 5.18, 95% CI 1.69-15.94), and an iso-
intense ADC signal compared with white matter (OR 3.02,
95% CI 1.02-8.98) correlated with progressive disease.

Regarding the subgroup tumor size below 1000 mm” (eTables
S and 6, linkslww.com/WNL/B943), univariable analysis
revealed 2 predictors of TIE (radiotherapy/chemotherapy
treatment and higher radiotherapy dose) and 6 predictors of
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progressive disease (TTP, a larger tumor size at baseline and at
progression, necrosis, soap bubble enhancement, and spread-
ing wavefront enhancement). In multivariable analysis, a higher
radiation dose (OR 0.68, 95% CI 0.49-0.94) correlated with
TIE. A longer TTP (OR 5.75, 95% CI 2.37-13.96) and soap
bubble enhancement (OR 2.50, 95% CI 1.09-5.73) correlated
with progressive disease. Due to small sample sizes, no reliable
conclusion could be drawn for the subgroups with lesion sizes
from 1,000 to 2000 mm? (n = 18) or >2000 mm” (n = 11).

Univariable analysis for the subgroup radiologic/clinical follow-
up (n = 224) (eTable 7, links.lww.com/WNL/B943) revealed
2 predictors of TIE (type of treatment and EQD2) and 3
predictors of progressive disease (female sex, clinical de-
terioration, and a hypointense ADC signal compared with
white matter). In multivariable analysis, EQD2 (OR 0.69, 95%
CI 0.48-0.99) predicted TIE, and increased FLAIR abnor-
malities compared with white matter (OR 6.49, 95% CI
1.24-33.92), and a hypointense ADC signal compared with
white matter (OR 4.31, 95% CI 1.19-15.55) correlated with
progressive disease.

We performed a post hoc subgroup analysis of grade 3 gliomas
and of the subgroup with a histologic reference test. Due to

the low number of lesions (n = 3$ for the nonglioblastomas
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Table 5 Interrater Reliability Analysis (Cohen Kappa

Table 5 Interrater Reliability Analysis (Cohen Kappa

Coefficient) Coefficient) (continued)
Neuroradiologist Neuroradiologist
Two and junior Two and junior
Variable neuroradiologists researcher Variable neuroradiologists researcher
Preexistent nodular 0.410 0.152 Hyperintensity vs 0.435 0.129
enhancement isointensity/hypointensity
:;ieaxr:iz:::?llosal 0.834 0.540 Abbreviations: ADC = apparent diffusion coefficient; FLAIR = fluid-attenu-
ated inversion recovery; WM = white matter.
R R Cohen kappa coefficient: 0 = agreement equivalent to chance; 0.1-0.20 =
New enhancing lesion 0.769 0.437 slight agreement; 0.21-0.40 = fair agreement; 0.41-0.60 = moderate
: . agreement; 0.61-0.80 = substantial agreement; 0.81-0.99 = near perfect
Multlple new lesions 0.855 0.332 agreement; 1= perfect agreement.23
Mass effect compared with 0.531 0.109
baseline scan
Increased 0.663 0.073 and n = 60 for the histologic reference test), we performed an
' ' analysis with the significant items from the prediction model
Stable 0.512 0.102 only (eTables 8 and 9, links.lww.com/WNL/B943). In the
Decreased 0.189 0214 subgroup astrocytomas, oligodendrogliomas, and oligoas-
| 0363 0306 trocytomas, soap bubble enhancement correlated with pro-
FLAIR signal intensity . . . .
compared with baseline gressive disease (OR 9.33, 95% CI 1.91-45.58). We
- : performed no multivariable analysis. In the subgroup histo-
Hyperintensity 0-392 0.342 logic reference test, soap bubble enhancement (OR 6.06, 95%
Isointensity 0.460 0.181 CI 1.04-35.24) and marginal enhancement (OR 8.67, 95% CI
Hypointensity 0259 0.550 1.34-56.12) correlated with progressive disease in univariable
and multivariable analysis.
Enhancement crossing the 0.637 0.689
midline Interrater Reliability
Increased marginal 0.671 0.490 IRR (Table S) between the junior researcher and the neu-
enhancement roradiologist was slight to moderate. IRR between the 2
New callosal enhancement 0.773 0.158 neuroradiologists revealed moderate to near-perfect agree-
New enhancement septum 0,651 0.208 ment for the significantly predictive items of the primary
pellucidum ' ' analysis. IRR of other determinants was generally poor.
:'ueb"::;::;ﬁ;f;‘: read/ 0-546 0-188 Classification of Evidence
enhancement This study provides Class II evidence that in patients with irra-
New onset nodular 0.063 0.067 diated HGGs, radiation dose, longer time to progression, mar-
ginal enhancement, soap bubble enhancement, and isointense
Necrosis 0554 0.116 ADC signal distinguish progressive disease from TIE.
Soap bubble enhancement 0.414 0.444
Swiss cheese enhancement 0.476 0.399 DiSCUSSiOl'l
Spreading wavefront 0.408 0.236
enhancement In this single-center cohort study, the diagnostic value of con-
T1 signal intensity compared 0231 0311 ventional MRI characteristics was evaluated in their ability to
with WM differentiate progressive disease and TIE in patients with an
Hvoerintensit 0211 0125 HGG after radiotherapy. Various characteristics were in-
erintensi . .

P Y dependently associated with the disease status (progressive dis-
Isointensity 0.213 0.347 ease vs TIE). After incorporating these characteristics into a
Hypointensity 0.251 0306 diagnostic and prognostic model, the calibration and accuracy of

— the model were considered good (AUC-ROC 0.722). Timing
Cht\lljkvsanormahtles compared 0.237 0163 of occurrence of the progressive lesion was a strong predictor,
with TTP beyond 5 months after radiotherapy having the
Increased v stable or 0.232 0.146 highest predictive value (OR 3.56, 95% CI 1.84-6.88). This
finding was replicated in all but 3 subgroups: over time, TIE

ADC signal intensity compared 0.338 0.099

with WM
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becomes less and progressive disease becomes more likely, il-
lustrating the inevitable tendency for progression in HGG.
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Radiation dose, expressed as EQD2, was a predictor in all but
2 small subgroups. A higher radiotherapy dose has been linked
earlier to more and purer TIE***’
therapy dose may be less effective, resulting in higher odds of
progressive disease.

; conversely, lower radio-

Soap bubble enhancement was described as a characteristic of
TIE in previous literature.'®'%%*
analyses, soap bubble enhancement was a predictor for pro-
gressive disease. This could be the consequence of the vague
definition of soap bubble, resulting also in a moderate IRR
coefficient (0.414) despite an a priori specification. The target
group could be of influence, because in the previously cited
studies, a nonstandard, accelerated radiation scheme was used in
one'® and brachytherapy in the other,'” which differed from our
treatment schemes and could have increased the development
of treatment-related necrosis. Furthermore, these authors in-
cluded only patients with TIE and they did not study soap
bubble enhancement in patients with progressive disease.'®"

In contrast, in most of our

A hypo- or isointense ADC signal compared with normal-
appearing white matter was significantly associated with
progressive disease in most multivariable analyses. This is in
concordance with previous studies that reported lower ADC
values in the recurrence group compared with the non-
recurrent glroup.13‘16‘17

After model reduction, multiple new lesions and increased

marginal enhancement predicted progressive disease. The

item multiple new lesions could reflect the poor prognosis of

recurrent, multifocal diffuse gliomas. Multiple lesions and

marginal enhancement were not independent, significant
. . . - 12,14-16

predictors in earlier, smaller studies.

These results support the validity of the determinants EQD2,
TTP, and soap bubble enhancement, which seem to be significant
predictors. In 4 subgroups, small sample sizes may explain alter-
native findings. In contrast with previous literature, subependymal
enhancement was not a predictor for progressive disease in our
study.””"® However, only 1 out of these 5 author groups noted
(distant) subependymal enhancement as an independent pre-
dictor for early progression after multivariate analysis."

Reliability between neuroradiologists was better than between a
junior researcher and a neuroradiologist, but still variable, and
poor for many characteristics. This suggests that these MRI
items should be evaluated by a trained rater; alternatively, ma-
chine learning techniques could be used to overcome interrater
variation. We found a Cohen Kappa for multiple new lesions
(0.855) that was comparable to the Kappa for multifocal tumor
recurrence from an earlier report (0.836).** However, our kappa
coeflicients for other determinants were lower compared with
previous literature.'>** The imperfect IRR may contribute to the
imperfect diagnostic value of some MRI characteristics.

Studies that tried to differentiate progressive disease and TIE
with conventional MRI characteristics in large patient samples

Neurology | Volume 99, Number 1 | July 5, 2022

with treated HGGs are rare. The large sample size gathered over
several years in our study constitutes a representative group of
patients with HGG and baseline characteristics are comparable
to those of a randomized trial on temozolomide-based chemo-
radiation.® The robustness of findings was supported by the
results of the subgroup analyses, which were largely in accor-
dance with the results of our total study population.

Various limitations should be mentioned. First, the study design
was single-center and retrospective. Treatment and follow-up
were in line with (inter)national guidelines. However, at our
institution, the normal scan interval starts within 4 weeks
postradiation, followed by 3-monthly scans, rather than a longer
interval. This could have led to a high degree of TIE, as these
effects are more susceptible to appear during the first 3 months
after radiotherapy and could otherwise have been missed. >’

Second, patients with suspected radiologic progressive
disease—wherein the treating physicians considered the di-
agnosis progressive disease to be obvious—were excluded
from this study, which could have generated a selection bias.
However, this choice was considered justified, because the
purpose of this study was to identify predictive markers in the
clinically relevant context of uncertainty between progressive
disease and TIE.

Third, mixed lesions including parts with progressive disease
as well as TIE were considered as progressive, since the
progressive disease component guides prognosis and clinical
management. Consequently, the radiologic characteristics
analyzed in this study are probably more accurate in detecting
progressive disease than TIE.

Lastly, we did not take dexamethasone use into account, be-
cause dexamethasone doses were inconsistently noted in
electronic patient files. This could be responsible for an un-
der- or overestimation of TIE, as dexamethasone is consid-
ered a symptomatic treatment of TIE, which may influence
appearance and magnitude of MRI abnormalities.

The aim of our study was to find robust, consistent predictors
of TIE or progressive disease, not to develop a generally ap-
plicable prediction model; such a model would seem in-
complete without the use of perfusion MRI. Therefore, no
external validation of this model will be performed. However,
it remains challenging to discern progressive disease and TIE,
even with perfusion MRL>'"*"3* Furthermore, perfusion
MRI is not included in the RANO criteria or the standardized
brain tumor imaging protocol for clinical trials and perfusion
parameter cutoff values are not widely approve:cl.zo’3’1’3’3
Widely approved clinical parameters are even scarcer for the
use of radiomics and associated machine learning/artificial
intelligence techniques in the discrimination of progressive
disease and TIE. Given these gaps of knowledge for perfusion
MRI and radiomics, the optimal use of readily available fea-
tures from clinical data and conventional MRI remains
important.
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We identified predictive characteristics from conventional MRI
in distinguishing between true progressive disease and
treatment-induced effects after radiotherapy of HGGs. IRR of
some of these characteristics was poor. We suggest that these
factors should be included in future prospective diagnostic
studies on TIE, integrating conventional MRI items with con-
temporary techniques such as perfusion MRI and radiomics.
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